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implications of emerging quantitative aspects developed and applied in these large-scale studies
are assessed in the wake of advanced cyanobacterial research. Furthermore, contributions from tra-
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rised. Finally, opinions are provided to link both the trends and the future challenges. This review
aims to push the synergy between proteomics and cyanobacterial research to improve both the
technical and biological signiﬁcance.
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The importance of systems biology, and the concurrent need for
tight and iterative integration with the quantitative aspects of biol-
ogy has received widespread attention [1–4]. There is a growing
awareness that isolated observations are no longer sufﬁcient to
properly describe changes in a biological system. Together with
the advancements in traditional biology, molecular biology, com-
putational and system-wide engineering and modelling, aspects
of systems biology have also functioned to co-motivate the itera-
tive development of high throughput techniques (HTT) to re-ad-
dress biological questions at a global scale. In effect, the
continual desire to achieve larger scale analyses and the aspira-
tions of systems-wide level understanding, have helped create syn-
ergy between these undertakings. Evident to this, the success of
the Human Genome Sequencing Project has proven to be one of
the most important landmarks of this endeavour [5].chemical Societies. Published by E
; MS, mass spectrometry or
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right).Recent years have witnessed different HTT strategies being ex-
plored. These advancements were made to target various key –
omic aspects along the central dogma of biology, namely the gen-
ome, transcriptome, proteome and metabolome. Techniques such
as DNA microarrays were devised to proﬁle the transcriptome,
opening up an even greater horizon for systems-level understand-
ing [6]. Similarly, implications for the global study of proteins were
quickly realised by the creation of the proteomics subject. With the
recent advancements in HTT based mass spectrometry or tandem
mass spectrometry (MS), the subject has also seen a substantial re-
search push [7,8]. With the recent breakthroughs in biotechnology,
the greater selection of more high throughput proteomic tech-
niques has also effectively dissolved the boundaries set by the clas-
sical electrophoresis workﬂows; yielding even greater insights
concerning the integration, function and regulation of the prote-
ome [9].
The ever-increasing numbers of successful cyanobacterial gen-
ome sequencing projects (34 genomes sequenced: Kazusa Cyano-
base, accessed 24th January 2009) have spearheaded the
modernisation of cyanobacterial research. These oxygenic photo-
authotrophic bacteria are among the oldest and most populous
organisms on our planet [10,11]. Owing to their potential for
industrial applications in areas including bio-fuels, agriculture,
drug-discovery and biopharmaceutical precursors, cyanobacteria
have become an important research area [12,13].
While earlier cyanobacterial protein research endeavours were
hypothesis-driven and studied speciﬁc enzymes and their isolated
functions, the increasing availability of high throughput tools thatlsevier B.V. All rights reserved.
Table 1
Summary of publications to January 2009 that have utilised one/multiple high throughput proteomics strategies to address various technical and biological investigations in the
cyanobacteria. The number in [ ] gives the reference to the respective publication.
Primary organism of interest Cell type Experimental techniques Research focus Year
Synechocystis sp. PCC 6803 [38] Unicellular Shotgun Qualitative proﬁling, technical developments and pre-fractionation
strategy assessments
2005
Nostoc punctiforme ATCC 29133 [39] Filamentous Shotgun Qualitative proﬁling, metabolic overview of expressed proteome 2006
Anabaena variabilis ATCC 29413 [14] Filamentous Shotgun Qualitative proﬁling, methods and technique review 2007
Synechocystis sp. PCC 6803 + other
non-cyanobacteria strains [53]
Unicellular iTRAQ Shotgun High throughput quantitative proﬁling, technical note to assess
reproducibility of iTRAQ
2006
Prochlorococcus marinus MED4 [56] Unicellular iTRAQ Shotgun High throughput quantitative proﬁling, light intensity stress
assessments
2007
Nostoc sp. PCC 7120 [54] Filamentous iTRAQ Shotgun High throughput quantitative proﬁling, N2 ﬁxation proteome
assessments
2007
Synechocystis sp. PCC 6803 + other
non-cyanobacteria strains [52]
Unicellular iTRAQ Shotgun High throughput quantitative proﬁling, technical note to assess
biological variation of iTRAQ
2007
Nostoc sp. PCC 7120 [58] Filamentous iTRAQ Shotgun High throughput quantitative proﬁling, cell type speciﬁc analysis of
heterocyst during N2 ﬁxation
2008
Euhalothece spp.
BAA001 + Synechocystis sp. PCC
6803 [64]
Unicellular 15N/14N elemental metabolic
labelling
Global quantitative proﬁling, unsequenced genome comparative
analysis of salt tolerance in cyanobacteria
2008
Nostoc sp. PCC 7120a [78] Filamentous In silico metabolic network
analysis
Metabolic mapping, heuristic network analysis, data mining
strategies
2008
Euhalothece spp.
BAA001 + Synechocystis sp. PCC
6803 [63]
Unicellular 15N/14N elemental metabolic
labelling + iTRAQ Shotgun
High throughput quantitative proﬁling, comparative analysis of salt
tolerance in cyanobacteria using complementary techniques
2008
Nostoc sp. PCC 7120a [74] Filamentous In silico metabolic network
analysis
Metabolic mapping, multiple strategies for probabilistic analysis 2008
Nostoc punctiforme ATCC 29133 [59] Filamentous iTRAQ Shotgun High throughput quantitative proﬁling, cell type speciﬁc analysis of
heterocyst during N2 ﬁxation
2008
a Analysis performed using data generated by Nostoc sp. PCC 7120 shotgun by Stensjö et al. and Ow et al.
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global proﬁling of proteins is certainly welcomed [14]. Cyanobacte-
rial researchers have recently been able to harness a number of the
state-of-the-art high throughput qualitative and quantitative pro-
teomic techniques. A total of thirteen high throughput based stud-
ies shown in Table 1, extending back to 2005 when the ﬁrst study
was reported, are compared and assessed.
This review aims to summarise a number of recent trends ob-
served in high throughput cyanobacterial proteomics, extending
an earlier report in 2003 by Burja et al. which necessarily focused
on traditional techniques [15]. Together with overall advance-
ments in the ﬁeld of proteomics, a critical view into the challenges
and opportunities present in this subject is provided.
2. Early gel proteomics applied to cyanobacteria
Earlier efforts in cyanobacterial proteomics relied almost exclu-
sively on the use of single or multidimensional gel electrophoresis
[16]. The methodologies closely followed the original 1975 study
featuring the use of two-dimensional gel electrophoresis (2DGE)
[17]. The only major departure was the testing of new protein
extraction protocols [16]. However, the development of these
extraction techniques is perhaps the most important contribution
of the early experiments to the foundation of today’s high through-
put proteomics workﬂows [14]. Indeed, extraction methods for
cyanobacteria differ largely from those employed for other bacte-
ria, and resemble more closely those used in plant science (in par-
ticular, in their use of chaotrophs, i.e., urea and thiourea and
detergents such as CHAPS and Triton).
The areas of interest of gel proteomics include the combination
of targeted and extensive proﬁling of proteome changes as a result
of environmental perturbations. Early studies have already em-
ployed strategies that enable targeted analysis via either cellular
enrichments, 2DGE with narrow isoelectric focusing ranges, or
the use of antibodies to anchor speciﬁc proteins [18–20]. Cyano-
bacterial proteomics using 2DGE (2DGE in general) lacks the essen-
tial throughput required for effective large-scale analysis, eventhough protocols in gel-based proteomics have been highly devel-
oped, and continue to improve. Most studies prior to 2000 relied
on either early mass spectrometry-based matrix assisted laser
desorption ionisation (MALDI) peptide-mass-ﬁngerprinting or
chemical-based N-terminal sequencing [21,22]. Eventually, a num-
ber of gel-based studies utilised the strengths of tandem mass
spectrometry analysis to sequence the protein. The preliminary
2DGE study of Nostoc punctiforme ATCC 29133 proteome published
in 2004 is one such example [23].
There were growing interests then to understand the proteome
expression during various important environmental perturbations,
and the understanding of membrane proteins and their localisation
within the cell walls of cyanobacteria. Cyanobacterial proteomics
publications in the late 1990s continuing into 2002 have focused
on subjects ranging from the aforementioned areas, to the analysis
of salt stress on Synechocystis sp. to the study of UV stimulations,
and studying cellular differentiations in Nostoc sp. PCC 7120
[13,24]. For example, earlier reports by Norling et al. demonstrated
the extensive optimisation required to proﬁle and study thylakoid
and membrane-bound proteins and their successful characterisa-
tion [20,25,26]. Other notable published studies include the early
work on Nostoc sp. PCC 7120 and N. punctiforme ATCC 29133,
whose proteomes were preliminarily proﬁled [23,27]. There are re-
views that discuss overlaps in the applications of cyanobacterial
gel proteomics, which are beyond the scope of this report [15,24].
3. High throughput proteomics
With the emergence of high-resolution liquid chromatography
(LC) and more advanced tandemmass spectrometers (MS), proteo-
mics is becoming increasingly less reliant on gels to provide good
proteome coverage. The ﬁeld of ‘gel-free’ proteomics has thus ta-
ken the role of spearheading high throughput analysis of proteins
[9]. It most notably led to the introduction of ‘‘shotgun proteo-
mics”, a term coined after its seemingly random nature of the anal-
ysis. Using shotgun proteomics, proteomes are directly digested
and analysed in situ using a combination of rigorous liquid chro-
1746 S.Y. Ow, P.C. Wright / FEBS Letters 583 (2009) 1744–1752matographic separation and analysis using high speed tandem
mass spectrometry [28–30]. The rationale of shotgun proteomics
was ﬁrst introduced in 2001 by Yates et al., who applied a combi-
natorial technique of two-dimensional LC and an electrospray ion-
trap MS to proﬁle the Saccharomyces cerevisiae proteome [31]. The
technical impact of the publication was revolutionary, as the meth-
od opened up opportunities to perform fast and reliable identiﬁca-
tion of proteins. The throughput rate was also large, orders of
magnitudes faster than gel proteomics (identiﬁcation of over
1400 proteins can be obtained with relative ease compared to
2DGE). Following Yates et al.’s application, a great deal of software
had to be developed in order to handle these large-scale shotgun
datasets [32,33]. Although the various pieces of software generally
serve a similar purpose, their approach and intended usages
differ. Identiﬁcation of the peptide identity relies on the matching
of peptide fragment peptide scan (MS/MS) fragments to their the-
oretical ones; e.g., as performed by MASCOT and SEQUEST [34,35].
Given the dependency of contemporary MS search software on
the sequences used to allow interrogation, the availability of
the proteome sequence will signiﬁcantly simplify data analysis.Fig. 1. A simpliﬁed overview of a high throughput shotgun proteomics experiment as
subjected to a variety of extraction protocols, subject to compatibility with the restriction
in vivo labelling. Samples are characteristically prefractionated using either 1D-PAGE or
overall result together with the use of software interrogation (MASCOT, Phenyx, Seque
proteins [34,35].Nevertheless, there has been software developed to provide users
with the ability to apply MS-centric BLAST searches of MS/MS
ion series, or, by automatically perform de novo sequencing, to ﬁnd
homologous identities (e.g., MS-BLAST or PEAKS) [36,37]. These
latter tools are essential for studies on organisms with no available
genome sequence. A relevant review of such studies in the cyano-
bacteria has been published [24].
4. Early shotgun proteomics experiments with cyanobacteria
Shotgun proteomics heavily relies on the separation capability
of an in situ LC system attached upstream of a tandem MS (with
or without some kind of upstream pre-fractionation before this
stage). The general workﬂow is depicted in Fig. 1. The resolution
of the separation and its balancing with the MS duty cycle both
dictates the effectiveness of the shotgun proteomic experiment
[30]. In light of this, it is unsurprising that the ﬁrst application
of shotgun proteomics on cyanobacteria in 2005 by Gan et al.
was a technical assessment of the efﬁciencies of different frac-
tionation methods [38]. The study covered the most crucial areaspracticed in recent cyanobacterial analysis; the cyanobacterium of interest can be
s imposed by chemical in vitro labelling techniques, or lesser restricted by means of
liquid chromatography and ﬁnally analysed using tandem mass spectrometry. The
st, etc.) of the data spectra provides both identiﬁcations and quantiﬁcation for the
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The work also focused on the use of one-dimensional gel electro-
phoresis (1DGE) and immobilised pH gradient strips to separate
proteins and peptides for shotgun proteomics analysis. Following
this, a number of other studies were also published (Table 1). A
more recent qualitative shotgun investigation of N. punctiforme
ATCC 29133 in 2006 by Anderson et al. showcased the potential
power of a well-optimised shotgun proteomics platform, by
sequencing over 1500 proteins from a whole cell lysate [39].
The method was also the ﬁrst to apply protein size-exclusion
chromatography to cyanobacterial shotgun proteomics. The prote-
ome proﬁle, even to date, has the highest number of proteins ever
published for a cyanobacterium (see Table 2) in a single study.
In order to fully assess the work by Gan et al. and that by Ander-
son et al., it is also important to examine the different mass spec-
trometers used. The comparison suggests that electrospray
quadrupole ion trap analyser (Q-IT) (employed by Anderson et
al.) are more suited for identiﬁcation-focused shotgun experi-
ments. More generally one can say that the high duty cycle (i.e. fas-
ter analysis) and high sensitivity of ion traps is well suited to
handle the complexity of whole proteomes. This is a strong poten-
tial that users should consider when determining the most efﬁcient
method to use for an identiﬁcation-focused shotgun experiment. In
contrast, though the use of electrospray quadrupole time-of-ﬂight
analyser (Qq-TOF) mass spectrometers (employed by Gan et al.)
appears less suitable, their increased resolution and stable mass
accuracy may lead to better quality of the spectra, compared to
those obtained by a Q-IT [40,41]. This effect will be clearly evident
in quantitative studies where the improved resolution also aids the
correct assignment of charge, while lowering signal variability (seeTable 2
Coverage statistics of protein identiﬁcations and quantiﬁcation made using high through
quantitative studies used were different to relate the increased stringency used for quant
Cyanobacteria strain Year Experimental
focus
Separation method To
pr
id
Synechocystis sp. PCC 6803
[38]
2005 Qualitative
Shotgun
2D-LC + multiple modes of
IEF and 1DGE
77
Nostoc punctiforme ATCC
29133 [39]
2006 Qualitative
Shotgun
3D-LC with SEC and online
SCX-RP-LC
15
Anabaena variabilis ATCC
29413 [14]
2007 Qualitative
Shotgun
2D-LC with SCX and RP-LC 64
Synechocystis sp. PCC
6803 + other non-
cyanobacteria strains [53]
2006 Quantitative
Shotguna
2D-LC with SCX and RP-LC
on iTRAQ
–
Prochlorococcus marinus
MED4 [56]
2007 Quantitative
Shotguna
2D-LC with SCX and RP-LC
on iTRAQ
–
Nostoc sp. PCC 7120 [54] 2007 Quantitative
Shotguna
2D-LC with SCX and RP-LC
on iTRAQ
–
Nostoc sp. PCC 7120 [58] 2008 Quantitative
Shotguna
2D-LC + cellular
enrichment with SCX and
RP-LC on iTRAQ
–
Euhalothece spp.
BAA001 + Synechocystis sp.
PCC 6803 [64]
2008 Quantitative
Shotgunb
1DGE + RP-LC on 15N/14N
Metabolic Labelling
–
Euhalothece spp.
BAA001 + Synechocystis sp.
PCC 6803 [79]
2008 Quantitative
Shotgunb,a
1DGE + RP-LC on 15N/14N
Metabolic Labelling
–
2D-LC with SCX and RP-LC
on iTRAQ
Nostoc punctiforme ATCC
29133 [59]
2008 Quantitative
Shotguna
2D-LC + cellular
enrichment with SCX and
RP-LC on iTRAQ
–
a iTRAQ technique related.
b Other quantitative met.Fig. 2). Further to this, the authors’ feel it is interesting to note the
lack of MALDI interface-tandem time-of-ﬂight analyser (MALDI-
TOF/TOF) contributions from laboratories studying cyanobacterial
proteomics. It is certainly understandable that access to these
instruments may be limited; however, one may consider the use
of MALDI-TOF/TOFs given their similarity to MALDI interface-
time-of-ﬂight analyser [42]. With the recent improvements in
the use of the liquid chromatography MALDI spotting interface,
shotgun proteomics using MALDI as the ionisation method can
be a very effective method [43].
Ultimately, the contributions by both Gan et al. and Anderson et
al. were unprecedented, as the technical considerations raised dur-
ing their analysis gave rise to important implications for shotgun
studies of cyanobacteria. A later review in 2007 by Barrios-Llerena
et al. further elaborates on the applicability of cyanobacterial shot-
gun proteomics [14]. A number of their remarks related to the
challenges in working with the proteome of cyanobacteria (e.g.
the high abundance of phycobiliproteins suppressing the MS iden-
tiﬁcation of other proteins) are still valid now.5. Quantitative analysis of expressed proteomes
While the ability to sequence hundreds to thousands of proteins
in a well-deﬁned single experiment is remarkable, one must also
reconsider the merits of such analyses. In most cases, qualitative
experiments demonstrate which proteins are translated but little
to no quantitative data can be produced. Hence, there has been
an emerging need for the development of a quantitative variant
for high throughput proteomics.put proteomics from 2003 until Jan 2009. Conﬁdence and cut-off for qualitative and
itative applications.
tal
oteins
entiﬁed
Total
proteins
quantiﬁed
Sequencing
method
Analysis duty
cycle
Analysis
accuracy
Resolution
achievable
6 – ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
75 – ESI-Q-IT
MS/MS
Very fast Intermediate Low
6 – ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
200b ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
184 ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
486 ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
506 ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
383 ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
207b ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
243a
702 ESI-Qq-
TOF MS/
MS
Intermediate/
slow
High High
Fig. 2. The difference between intact peptide and iTRAQ MS/MS reporters as reported by a Qq-TOF and a Q-IT tandem MS instrument shows drastically improved resolution
for a TOF over an IT instrument. (A) MS/MS scan of iTRAQ reporter (113–119 and 121 m/z) standards made using a Qq-TOF. (B) MS/MS scan of iTRAQ reporter (113–119 and
121m/z) standards made using Q-IT using PAN fragmentation. (C) MS scan of intact +3 charge peptide of 491.61m/z using a Qq-TOF. (D) MS scan of intact +3 charge peptide of
491.61m/z using a Q-IT. The improved resolution not only aids the correct assignment of charge states, but provides higher peak resolution for accurate mass measurements,
and may also potentially improve the statistics of the quantiﬁcation.
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Recent advances in shotgun proteomics have developed an ar-
ray of tools that can be used for both relative and absolute quanti-
ﬁcation. Given the reliance of shotgun proteomics on mass
spectrometry and identiﬁcation software, quantiﬁcation using
these HTT is currently mostly mass spectrometry based [44,45].
Quantiﬁcations are made via the comparison of mass over charge
ratio (m/z) intensities of peptides or fragments of the peptides.
To allow simultaneous quantiﬁcation of several phenotypes (to
save time and reduce errors), proteins are often tagged or modiﬁed.
The modiﬁcations are usually made using varying isotope masses,
so that proteins from, say, two different conditions will appear to
have slightly different masses. As long as the modiﬁed peptide ions
are eluted and scanned by the MS simultaneously, the intensities
can be used to infer quantiﬁcations.
Techniques such as duplexed isotope coded afﬁnity tags (ICAT)
in 1999 using chemicals modiﬁed by means of hydrogen/deute-
rium and multiplexed isobaric tags techniques in 2003 (isobaric
tags for relative and absolute quantiﬁcation, iTRAQ, 4 or 8 labels;
or tandem mass tags, 2 or 6 labels) using chemicals with counter-
balancing masses of 15N and 13C between the reporter and balance
moiety, are made almost exclusively for this kind of application
[46–48]. Although they can also be used to achieve absolute quan-
tiﬁcation, these two techniques are more commonly used to per-form relative quantiﬁcation. Relative quantiﬁcation studies are
commonplace in cyanobacterial proteomics. However, absolute
quantitation has yet to be applied. The theory behind ICAT and
iTRAQ will not be discussed further; however, readers are encour-
aged to refer to the literature relevant work to better understand
their respective applications [46,47].5.2. Differences in identiﬁcation quality between qualitative and
quantitative studies
The most notable difference between qualitative and quantita-
tive studies is the greater stringency in assessing its protein iden-
tiﬁcation. A simple explanation can be given to the disparities
observed between proteins that can be reliably identiﬁed to those
that can be reliably quantiﬁed: quantiﬁcation usually requires far
greater MS or MS/MS spectral quality to infer reliable quantiﬁca-
tions. Ultimately, only a fraction of proteins that are reliably iden-
tiﬁed can be quantiﬁed [44]. Researchers interested in MS-based
quantiﬁcation must keep this in mind, as widening the conﬁdence
threshold for identiﬁcations to increase the number of proteins
that are identiﬁed may result not only in the reduced quality of
the quantiﬁcation statistics, but also an increase in the rate of false
discovery (FDR) [49]. The FDR should be kept low, that is, at least at
the current trend observed, no greater than 5%. In addition, the
intensity used for quantiﬁcation is expected to be above statistical
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tioners appear aware of this requirement and, in the authors’ opin-
ion, highly conservative on the quality of data reported. This is
being reinforced in general by the stringent requirements of lead-
ing proteomics journals in particular [50].
5.3. In vitro chemical labelling for cyanobacterial shotgun proteomics
This section is broken into a number of subsections. The ﬁrst
discusses the relative beneﬁts of different chemical-label based
workﬂows, followed by subsections on the analyses of the accura-
cies of such approaches, and some examples of applications in the
cyanobacteria.
5.3.1. Advantages of iTRAQ over ICAT for cyanobacterial proteomics
While ICAT provides compelling beneﬁts of quantiﬁcation
enrichments using its biotin tag, there have been no reports of high
throughput proteomics made using ICAT in cyanobacteria (to the
authors’ knowledge). This is not surprising given that ICAT only
targets cysteine residues, which exist only in minute abundance
in cyanobacteria (e.g. 0.95% in N. punctiforme ATCC 29133, and
1% in Synechocystis sp. PCC 6803). Thus, the ICAT methods can only
be applied to very speciﬁc conditions where a signiﬁcant number
of cysteine residues are expected. iTRAQ, in contrast, has been em-
ployed several times in HTT cyanobacterial proteomics studies.
iTRAQ targets freely reacting primary/secondary amines, amine
residues such as those from N-termini of peptides and lysines
[47]. Hence, peptide quantiﬁcations made via iTRAQ are much
more numerous than ICAT, and can cover the entire proteome, at
least theoretically. Quantiﬁcation using iTRAQ is signiﬁcantly more
straightforward given that the signals are based on intensities in a
quiet region in the MS/MS spectrum (MS/MS). The fragmentation
of 8-plex iTRAQ labelled peptides releases reporter ions at 113.1–
119.1 and 121.1 m/z, giving a clean, low signal-to-noise signal
[51]. In contrast, quantiﬁcation using ICAT is carried out at the
MS stage, where there is still a complex peptide mixture.
5.3.2. Assessment of the reproducibility of iTRAQ in cyanobacteria
systems
The ﬁrst two applications of iTRAQ in cyanobacteria, by Chong
et al. and Gan et al., published in 2006 and 2007 by our laboratory
were fairly successful [52,53]. Both works presented a combined
iTRAQ analysis of the cyanobacterium Synechocystis PCC 6803, the
crenarchaeal strain Sulfolobus solfataricus P2, and S. cerevisiae to de-
scribe the reproducibility and to quantify the biological variation of
iTRAQmeasurements. In essence, results showed that the technique
is precise and technically reproducible with variation no greater
than 30%. The studies also outlined the importance of usingmultiple
biological replicates, as they demonstrated the weakness of single
biological replicates in the face of dynamic changes in the proteome.
Finally, Chong et al. also discussed the positive implications of using
multiple MS injections to improve quantiﬁcation statistics [53].
5.3.3. Assessing the changes of N2 ﬁxation in Nostoc sp. PCC 7120
Extending from the success of the ﬁrst two cyanobacterial
iTRAQ studies, a subsequent investigation by Stensjö et al. in
2007 applied iTRAQ to study proteome changes during N2 ﬁxation
in ﬁlamentous cyanobacteria [54]. The study was also successful,
with over 486 proteins quantiﬁed in cells from Nostoc sp. PCC
7120 that were induced to ﬁx N2. Independently, the study pro-
vided the farthest-reaching quantitative overview ever presented
for this organism’s proteome at the time of publication. The data
from the study were also later compared with other high through-
put measurements; with this contribution helping to corroborate
an earlier genome-wide microarray analysis that studied the same
organism under comparable conditions [55].5.3.4. Light intensity and cellular stresses in Prochlorococcus marinus
MED4
A later study, from Pandhal et al. focused on to the unicellular
strain P. marinus MED4 [56]. Oceanic MED4, an emerging biobrick
organism whose interest lies in its minimalistic genome [57], was
investigated for its adaptation to varying light intensities reminis-
cent of its natural environment in the ocean. The iTRAQ study pro-
ﬁled over 11% of the theoretical proteome. This application
strengthened further the position of iTRAQ in cyanobacterial pro-
teomics research.
5.3.5. Investigation of the heterocyst proteome in Nostoc sp. PCC 7120
and N. punctiforme ATCC29133
Two further analyses were presented by the current authors,
Stensjö and collaborators in 2008. The series of experiments intro-
duced the use of cellular puriﬁcation aimed at enriching N2-ﬁxing
heterocyst fractions from both ﬁlamentous strains Nostoc sp. PCC
7120 and N. punctiforme ATCC 29133 [58,59]. Then, iTRAQ was
used on these puriﬁed fractions for relative quantiﬁcation. As the
use of iTRAQ for cyanobacteria had gained maturity, the numbers
of protein identiﬁed/quantiﬁed accordingly improved. Both studies
were able to outperform the numbers of proteins in the proteome
attained by Gan et al. (albeit in N. punctiforme ATCC 29133) by
more than 200 identiﬁcations; reaching 700 identiﬁed and quanti-
ﬁed proteins. The abundance changes observed in the proteins
from various pathways during N2 assimilation, and the ability to
quantify abundance changes between vegetative cells and N2-ﬁx-
ing heterocysts have provided further insight into metabolic
changes during heterocystous N2 ﬁxation. By providing a path-
way-wide view of nitrogen ﬁxation and by identifying the key fac-
tors involved in the metabolic changes, our data may ultimately
serve as important precursor data needed for nitrogenase-medi-
ated biohydrogen generation in cyanobacteria.5.4. In vivo elemental labelling for cyanobacteria proteomics
Following the escalation in large-scale quantiﬁcation for proteo-
mics in 2001, a number of other methods have also thrived. In
cyanobacterial proteomics, the use of elemental labelling via iso-
topes of nitrogen (15N) and (13C) is gaining momentum [60,61]. Gi-
ven that most environmental perturbations are achieved in
laboratory environments, researchers are often able to freely con-
trol the cultivation broth constituents. The elemental incorporation
of heavy and light isotopes of N or C as a form of metabolic resource
results in a shift in the mass of proteins, which will later appear
heavier when MS scanned. However, it is also important to note
the limitation of such techniques when considered for cyanobacte-
ria. The self-contained nature of cyanobacteria (ability to ﬁx CO2
and N2) makes a number of studies on either photosynthesis or
N2-ﬁxation difﬁcult or unworkable (as both liquid and gas phases
need to be completely controlled/self-contained). If heavy isotopes
are used then this could become expensive. Nonetheless, as not all
cyanobacteria ﬁx atmospheric N2, the elemental incorporation of
15N is, in some cases, readily applicable (aswill be discussed below).
The application of 15N labelling by heavy NO3 has been well de-
scribed in a number of articles studying cyanobacteria, and also
other systems, and thus will not be discussed further [62–64].5.4.1. Assessing salt stresses in halotolerant and conventional
cyanobacteria
The ﬁrst application of elemental labelling for proteomics in the
cyanobacteria was made by Pandhal et al. in a study on an
unsequenced cyanobacterium, Euhalothece BAA001 [64]. The inno-
vation of this study lay both in its application and analysis design.
The publication described a systematic incorporation of useful
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tion techniques through 15N labelling) that allowed the analysis of
unsequenced strains [62]. Pandhal et al. achieved this using a set of
sequenced genome anchors (among others, Synechocystis sp. PCC
6803) to match orthologous pairs (light/heavy by 14N/15N isotopes)
of peptides in the closely related Euhalothece to allow for both
identiﬁcation and quantiﬁcation. While the rationale behind 15N
metabolic labelling is simple, it was somewhat surprising to note
that no such study had been carried out until 2007, despite being
ﬁrst described in 2001 [65]. Nonetheless, the technique used by
Pandhal et al. relied heavily on the orthology between the two
compared organisms, and extensive trial testing had to be made
prior to successful application.
5.4.2. Unsequenced Euhalothece study using elemental metabolic
labelling and iTRAQ proteomics
A later study, published during 2008, by the same authors ex-
tended the use of the anchoring technique by presenting an effec-
tive cross-species analysis between Euhalothece BAA001 and
Synechocystis sp. PCC 6803, which had been previously found to
have the highest degree of orthology [63]. The study also high-
lighted the implications of performing both 15N elemental meta-
bolic labelling and iTRAQ measurements on Euhalothece whose
genome is not sequenced, using the proteome of Synechocystis,
whose genome sequence is available. The study offered a proof of
principle that opportunities exist for non-genome sequenced cya-
nobacteria. From a biological point of view, results from both tech-
niques, elemental labelling and iTRAQ, provided complementary
information to determine how the proteome of halotolerant and
mildly halotolerant strains responded to salt stresses.
6. Future trends, opportunities and challenges
While some effort has been made in the ﬁeld of high throughput
proteomics on cyanobacteria, it is obvious the current activities in
cyanobacterial shotgun proteomics investigations appear limited
when compared to other areas of cyanobacterial research. Finan-
cial constraints are posed, as small laboratories may not be able
to afford the high-end instruments necessary for these analyses.
In contrast, high-quality research in this area can be arrived at by
the participation of cyanobacterial proteomics laboratories, having
gained much experience, working collaboratively, and taking
advantage of technological hubs providing access to these instru-
ments. The results will then attract further developments of more
extensive and mature hypotheses. The following subsections detail
some future trends, opportunities and challenges.6.1. Advanced quantiﬁcation and overcoming issues with dynamic
range
Given the limited penetration of high throughput methodolo-
gies for cyanobacterial proteomics, it comes as no surprise that
there may be a wealth of subjects that can be discussed in the fu-
ture. However, at this point, it is safe to say that high throughput
quantiﬁcation in proteomics is here to stay. There are new ap-
proaches that are continually being developed to perform relative
and absolute quantiﬁcation, and these will undoubtedly ﬁnd their
way into cyanobacterial laboratories. Methods such as iTRAQ for
proteins may potentially lessen issues such as the ﬂexibility of
pre-fractionation [66]. Users intending to perform selective abso-
lute quantiﬁcation of speciﬁc pathways may consider the use of
the QconCAT technique [67]. In this workﬂow, the heterologous
expression of synthetic peptides unique to various proteins has
been shown to work well as absolute quantiﬁcation anchors for
quantitative experiments in other biological systems [68–70]. Also,further developments of high-stability chromatography has also
led to the application of ‘label-free’ techniques for use in global
proteome analyses [71]. The absence of labels implies protein sam-
ples will not have to be pre-treated, thus simplifying the prepara-
tion biochemistry prior to sample analysis.
Interference from high-abundance phycobiliproteins in cyano-
bacteria has been a major concern in shotgun proteomics, as it af-
fects the dynamic detection range of the analysis. This issue has
been reported in a number of studies, and contemporary tech-
niques that are compatible with shotgun proteomics have not been
able to segregate these proteins [14,38]. Therefore, innovative
techniques should be devised in the future to address this issue.
Interesting developments employing free-ﬂowing-liquid electro-
phoresis techniques may provide potential isolation and removal
of these phycobiliproteins without the limitations of the solid-
based gel electrophoresis methods [72]. Other techniques such as
high-efﬁciency afﬁnity pull-down of these interfering proteins
may also be devised [73].
6.2. Widespread application of HTT proteomics in cyanobacterial
biology
While it is difﬁcult to predict the emerging trends in the actual
application of biological questions, a number of directions for bio-
logical studies as outlined here may have the greatest impact for
cyanobacterial proteomics research. There are certainly opportuni-
ties where temporal changes of the proteome may be designed and
monitored. Results of this nature can also be integrated with other
systems-biology approaches, such as other complementary layers
of metabolic data, DNA microarrays, metabolite targets, or more
generally ﬂux data [74,75]. Likewise, global proteomics changes re-
lated to cellular differentiation have only been scarcely studied
[58,59]. Other potential investigations, such as the proteomic
changes in hormogonia, remain to be carried out [76]. For example,
no accounts of substantive high throughput proteomics studies on
circadian rhythm have been reported. There is also growing inter-
est in the screening of the effects of genetic mutation on the host’s
proteome. With the ever-increasing developments of mutants in
the cyanobacteria, this is deﬁnitely a possibility to consider. Other
forms of environmental interactions, symbiosis with higher plants,
industrial applications (bio-H2 via metabolic engineering/synthetic
biology approaches for example), and ecological implications are
some of the many general areas which cyanobacteriologists should
further explore with the aid of high throughput quantitative pro-
teomics [13]. The discoveries will help expand the link between
the metabolic changes and the cellular interactions observed. Fi-
nally, the foundations set today, and those in coming times, can
also be adapted to study and to understand potential post-transla-
tional modiﬁcations in cyanobacteria [77]. As yet, no such proteo-
mics study to the authors’ knowledge in cyanobacteria has been
reported, and such questions remain some of the most prominent
investigations waiting to be undertaken.
6.3. Closing thoughts
By summarising key publications from 2003 onwards, it is obvi-
ous that the future trend will rely on two synergistic factors: ﬁrst,
the willingness of reference biologically focused laboratories to ex-
plore the beneﬁts of high throughput proteomics given their expe-
rience with the physiology of cyanobacteria; second, the continual
improvements of the high throughput proteomics methodology
and technology by proteomics laboratories. The technology behind
high throughput proteomics undoubtedly will continue to
improve; as observed by its rapid emergence since 2001. This is
further emphasised by the strong presence of technically focused
manuscripts discussed here. With the maturation of other promis-
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quantiﬁcation, the future of large-scale proteomics appears highly
auspicious. Nonetheless, what are needed now are aspirations from
cyanobacteriologists, or, in other words, a sustained interest in the
biology and physiological understanding of cyanobacteria; be it
industrially or environmentally motivated. The fact that there are
now a number of cyanobacterial laboratories since 2003 that have
embraced these sets of technology, testiﬁes that the interest is
present and there will certainly be other laboratories interested
in exploring opportunities in this ﬁeld. The penetration of proteo-
mics into the cyanobacteria as an aid to understanding the biology
(as opposed to the predominance of technical studies so far) is not
as advanced as it is with other microorganisms, such as S. cerevisae
or Escherichia coli [78,79]. It is with this kind of widespread partic-
ipation that the subject will ultimately advance. The authors are
conﬁdent that a similar review in a few years will demonstrate a
much greater penetration of this high throughput proteomics
subject.
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